The discovery of maize chromosome retention in oat ''haploids'' after oat ϫ maize crosses and the subsequent recovery of stable maize chromosome-addition oat lines (1, 2) enabled us to develop a system of maize chromosome analysis similar to that available in mammalian hybrid cell systems (3, 4) . We have already used it for the construction of maize chromosome-specific libraries of cloned DNA fragments (5) , for characterization of chromosome-specific knob regions (6) , and for introgressions of small segments of a maize chromosome into oat that provide tools for physical mapping of the maize chromosome (O. Riera-Lizarazu, M. I. Vales, E.V.A., R.L.P., and H.W.R., unpublished results). The maize chromosomeaddition oat lines also provide an opportunity for analysis of individual centromeres of maize chromosomes.
Little is known about the organization of maize centromeric regions. The first maize centromere-associated sequences were only recently identified from B chromosomes (7) and from A chromosomes (8) . The two A chromosome centromeric sequences, MCS1a and MCS1b, belong to families of repetitive elements that have a significant level of conservation across the cereals. However, the organization of these sequences within centromeric regions of maize chromosomes is not known.
In this research, a probe homologous to the MCS1a sequence (8) was used to identify and isolate several DNA segments from the centromeric region of maize chromosome 9. Six cosmid clones were isolated from a cosmid library made from DNA of a maize chromosome 9 addition line of oat. We found that the centromere-associated sequences MCS1a and MCS1b (8) are parts of long terminal repeats (LTRs) of a retrotransposon-like element, termed CentA. This element belongs to the medium-repetitive class of elements. The CentA element, or parts of it, were found in all six cosmid clones, and they are interspersed with other retrotransposable elements including the previously known retrotransposons Huck and Prem2 (9, 10) .
A class of tandem repeats, which we named CentC (156 bp in length), was found in two of the six cosmid clones. The CentC elements are capable of forming long tandem arrays and are interspersed with blocks of other retrotransposable elements. Fluorescence in situ hybridization (FISH) indicates that the CentC and the CentA elements are localized at centromere regions of each maize chromosome, but in different relative proportions at the different centromeres. Southern blot hybridization of these two elements to a blot panel of maize chromosome addition lines revealed restriction fragment length variations of these elements in each of the maize chromosomes. These observations allow us to conclude that each maize centromeric region has a unique organization, even though they are all composed of the same or related building blocks.
MATERIALS AND METHODS
Maize and Oat Strains. Plant materials used in this study included maize hybrid Seneca 60, maize inbred A188, oat cultivar Starter-1, and oat-maize chromosome addition lines for maize chromosomes 2, 3, 4, 7, 8, and 9. Oat-maize addition lines were derived from plants recovered following sexual crosses of oat by maize. Incomplete elimination of maize chromosomes in embryos produced from these crosses allowed for the recovery of stocks, each with an individual maize chromosome isolated in an oat genomic background (2) .
DNA Purification and Analysis. Genomic DNA was purified as described (6) . Cosmids containing maize centromeric DNA sequences were isolated from a cosmid library prepared from a maize chromosome 9 addition line in oat (6) that had been probed with a plementary to the MCS1a sequence (Cen-a-F: 5Ј-AGGT-TCAGTGCTGTTCGTGG, and Cen-a-R: 5Ј-TGGAGGTG-GATAACTTGTTGG). Gel-blot analysis of total genomic and cosmid DNA after gel electrophoresis was carried out as described by Sambrook et al. (11) with several modifications (12) . A DNA blot panel of oat-maize chromosome addition lines for maize chromosomes 2, 3, 4, 7, 8, and 9 was created for chromosome assignment of cloned DNA sequences. DNA fragments and total genomic DNA were labeled by random primer extension. Some cosmid subfragments were cloned in pBS͞KS (Stratagene) for subsequent sequencing. Sequencing was performed with the help of the KS and SK primers and by primer walking by using the Taq DyeDeoxy terminator cycle sequencing system (Applied Biosystems).
Restriction Mapping with Oligonucleotide Probes. Restriction map construction was done according to the protocol adapted to the SuperCos1 vector following the manufacturer's recommendations (Stratagene). Cosmid DNA was cut with NotI to excise the insert followed by partial digestion with an appropriate restriction enzyme. The digestion products were electrophoretically separated on an agarose gel, transferred to a nitrocellulose membrane, and probed with labeled oligonucleotide probe T3 (GGC CGC AAT TAA CCC TCA CTA AAG G) or oligonucleotide probe T7 (GGC CGC GAT ATA CGA CTC ACT ATA GG).
In Situ Hybridization. DNA samples were labeled with fluorescein-12-dUTP or with tetramethylrhodamine-6-dUTP (Boehringer Mannheim), and in situ hybridization was performed according to the protocol provided by the manufacturer of the Prime-It Fluor Fluorescence Labeling Kit (Stratagene). Chromosomes were counterstained in antifade solution [25 mg͞ml triethylenediamine in a 1:1 (vol͞vol) glycerol and phosphate buffer] containing 20 ng͞ml of 4Ј,6-diamino-2-phenylindole.
Metaphase chromosome spreads were prepared from maize Seneca 60 root tips pretreated with 0.05% colchicine for 2 hr. Root tips were fixed in 3:1 (100% ethanol͞glacial acetic acid) overnight and stored in 70% ethanol. To prepare spreads of metaphase chromosomes, root tips were transferred into 45% acetic acid for 5 min and squashed in 45% acetic acid. The slides were frozen in liquid nitrogen and cover glasses were popped off with a razor blade. Slides were fixed in absolute ethanol overnight, dried, and stored until used for in situ hybridization.
RESULTS
Characterization of Cosmid Clones with Centromeric DNA Segments. A cosmid library made from oat-maize chromosome 9 addition line DNA (6) was screened with a labeled probe that was complementary to the centromere-associated MCS1a sequence discovered earlier by Aragon-Alcaide et al. (8) . Six positive cosmid clones were isolated and characterized. Digestion of these clones with different restriction enzymes revealed that each has a different restriction profile. However, some of the cosmid clones share similar or identical DNA subfragments; for example, there were several similar XmnI DNA fragments in cosmids 3 and 29 (Fig. 1A) . One or two restriction fragments in each clone cross-hybridized to the labeled MCS1a centromere-specific probe (Fig. 1D) . Most of the fragments lacked the MCS1a sequence, but gave strong or medium hybridization signals after hybridization with labeled total maize genomic DNA (Fig. 1B) . A cross-hybridization experiment to a collection of different repeated maize elements (6) identified Huck retroelements in cosmids 6 and 31 and Prem2 retroelements in cosmid clones 3 and 29 (data not shown). No cross-hybridization with any of the subfragments in these six cosmid clones was observed when knob-associated 180-bp (13) and TR1-repeated elements (14) were used as probes.
Subfragments 3-13 kb in length were found in cosmids 3 and 29 after digestion with Sau3A. These unusually long Sau3A subfragments were subcloned and partially sequenced from the ends. Sequence analysis revealed that they are composed of a class of tandem repeats with a unit length of 154-158 bp (GenBank accession nos. AF078918-AF078923). These repeats were termed CentC elements. Different copies of CentC elements have minor sequence differences in the form of point mutations. The CentC elements have no homology to any other maize DNA sequences in GenBank but possess partial identity to a tandem repeat and microsatellite of Oryza alta L. (GenBank accession no. X86001). The restriction enzyme XmnI has one recognition site within this sequence and the corresponding monomeric unit of CentC may be seen in Fig.  1 A as a thick band of approximately 150 bp in gel blots of restriction digests of cosmids 3 and 29. Blot hybridization indicated that, of the six cosmid clones containing MCS1a sequence, the CentC element was present only in these two cosmid clones (Fig. 1C ). These two cosmids were characterized in detail.
Restriction maps were constructed for cosmid clones 3 and 29 by using the XmnI restriction enzyme (Fig. 2) . The CentC element forms long tandem arrays of approximately 24 and 10 kb in cosmids 3 and 29, respectively. Although the XmnI restriction maps for the right ends of the inserts are quite similar for cosmids 3 and 29, these two clones represent different regions of the chromosome 9 centromere because the tandem arrays of the CentC elements in these two cosmid clones have different Sau3A restriction sites (Fig. 2) .
The 12 kb right portion of the centromeric DNA segment cloned in cosmid 3 ( Fig. 2) was cut with XmnI restriction enzyme into five subfragments, each of which was subcloned into pBS͞KS in a SmaI site, and the ends of those fragments were sequenced (Fig. 2) . Three XmnI subfragments, 2.5, 1.8, and 3.2 kb in length, at the 3Ј end of cosmid 3, revealed a high level of homology (90%) and colinearity to regions of the Prem2 retrotransposable element (10) . This enabled us to predict that the end of the right LTR of the Prem2 element should reside within the 3.2-kb XmnI subfragment. To sequence the junction point between the Prem2 right LTR and the adjacent DNA sequence, a primer (Prem2-R-LTR: 5Ј-ATTTTCAGTTTCGCCCTATTCACC) was designed that was complementary to a sequence close to the end of the right LTR of Prem2 and directed outwards from the element.
The entire segment between the end of the CentC tandem array and the right end of the Prem2 element was sequenced (GenBank accession no. AF078917). Two almost identical (99%) copies of a repeated element were identified within this segment in direct orientation (Fig. 2 , indicated by arrows within the CentA box); these were separated by an unknown DNA sequence 2,026 bp in length. The region of DNA that extends from nucleotides 1309-5944 of this segment and includes two copies of the direct repeat and the internal 2,026-bp fragment was named the CentA element (Fig. 2) . The structure of this element suggests that it could be a novel retrotransposon-like element with two LTRs, each about 1,300 bp in length. The internal 2,026-bp segment has no significant homology to any plant DNA sequence in GenBank. CentA-LTR-1304 and LTR-1305 have segments of homology (66-97% identity) to maize MCS1a and MCS1b, and rice, barley, and Brachypodium sylvaticum centromere-associated DNA sequences described by Aragon-Alcaide et al. (8) and have a short segment of homology (90%) to a Sorghum centromereassociated element (15) . In general, the CentA element may be considered as a conserved centromere-associated repeated element. However, its partial and segmental homology to maize MCS1a and MCS1b centromere-associated sequences indicates that the related copies of this family of repeated elements are diverged.
The CentA elements of cosmid 3 and cosmid 29 have very similar structures based on their restriction profiles as well as on direct sequence comparison of certain regions within the clones (Fig. 2) . Other centromeric clones contain diverged copies of CentA elements (Fig. 1D) . A 638-bp EcoRI subfragment from cosmid 6 with homology to the CentA element was isolated and sequenced (GenBank accession no. AF082532). Sequence analysis indicates that this fragment has a high level of identity (96%) to the region included between nucleotides 2131 and 2764 of the large sequenced segment of cosmid 3; however, EcoRI restriction sites of the CentA copy on cosmid 6 are absent from both copies of the LTRs of the CentA element in cosmid 3.
Two segments of DNA in cosmid 3, one located between the end of the CentC tandem array and the beginning of the CentA element, and another located between the end of the CentA and the end of the Prem2 element, revealed significant homology to different segments of a Ty3͞gypsy-type retrotransposable element (GenBank accession no. AF030633). The region between nucleotides 59 and 1309 of the large sequenced segment of cosmid 3 contains an open reading frame (ORF1), which may encode a polypeptide with high identity to a retrovirus-related DNA polymerase polyprotein found in Ananas comosus (GenBank accession no. Y12432) and many other organisms. These same two DNA segments also appear to be present in cosmid 29 (Fig. 2) .
The nucleotide sequence analysis of cosmids 3 and 29 enabled us to identify at least two new types of repeating units: CentA, which is presumably a medium copy number retrotransposable element, and CentC elements, which can form tandem arrays. The cosmid clones 6, 16, 27, and 31 also contain CentA elements interspersed with copies of other medium and high-copy number repetitive elements of the maize genome (Fig. 1) ; some of these were identified as Huck or Prem2 retroelements, whereas others belong to unknown repetitive elements of the maize genome (Fig. 1B) .
FISH of Different Repeated Elements Associated with Centromeric DNA. In situ hybridization of different repeated elements found in cosmid clones isolated in this research was performed with metaphase chromosomes of maize root-tip cells. The 3.3-kb XmnI subfragment of cosmid 3, which contains the CentA element, was labeled with fluorescein (green) and the CentC element was labeled with rhodamine (red). They were then hybridized simultaneously to the same cytological preparations (Fig. 3 A and B) . Both probes hybridize to centromeric regions of all maize chromosomes. The CentC element (Fig. 3B) produced strong hybridization signals that are highly reproducible, whereas the CentA element (Fig. 3A) gave weaker hybridization signals. There is an obvious variation in the intensity of hybridization signals associated with different chromosomes, from small dots up to large blocks.
The distribution along maize chromosomes was determined for two retrotransposable elements, Huck and Prem2, which are interspersed with the centromere-specific repeats, CentA and CentC. A 13-kb EcoRI DNA subfragment of cosmid 6 containing a portion of the Huck retroelement gave a diffuse pattern of hybridization (Fig. 3E) , with a preferential concentration around centromeric regions as defined by CentC (Fig.  3D) . DNA segments corresponding to the portion of the Prem2 element from cosmid 3 gave a diffuse pattern of hybridization along all chromosomes (not shown). Thus, the CentA and CentC elements are associated with centromeric regions, whereas the Huck retrotransposable elements are dispersed along all maize chromosomes with a preferential concentration around centromere regions.
Organization of the CentA and the CentC Elements in Centromeric Regions of Different Maize Chromosomes.
The availability of maize chromosome addition lines allowed comparative analysis of the organization of the CentA and the CentC elements in centromere regions of different maize chromosomes. The labeled CentA and the CentC elements were hybridized to gel blots of DNA samples from addition lines containing maize chromosomes 2, 3, 4, 7, 8, and 9 that were digested with EcoRI (Fig. 4) . A relatively simple restriction profile composed of 10-20 bands for each maize chromosome indicates that there are only several dozen copies of this CentA element in each centromere region (Fig. 4B) . Thus, this element may be considered as a medium repetitive element for the maize genome. The CentA element gave a weak diffuse hybridization pattern with oat DNA. This result indicates that CentA-related DNA sequences are present in the oat genome and is consistent with data of Aragon-Alcaide et al. (8) on the conservative nature of this element.
Hybridization of the labeled CentC element to the same blot panel as used with CentA revealed a significant variation in the intensity of hybridization signals among different maize chromosomes (Fig. 4C) . This result correlates with the in situ hybridization data (Fig. 3 A and B) . Most of the hybridizing bands correspond to high molecular weight DNA fragments in each chromosome, indicating that the CentC elements are capable of forming long arrays. Unlike CentA, no hybridization of CentC to oat genomic DNA was detected.
A comparison of hybridization patterns of these two centromere-specific elements, CentA and CentC, to DNA of different maize chromosomes (Fig. 4 B and C) significant level of restriction pattern differences. This observation enabled us to conclude that each of the six maize chromosomes examined has a unique restriction fragment profile for the CentC as well as for CentA elements.
DISCUSSION
Only recently have the locations of maize centromeres been established on their respective molecular genetic maps (16) and the first A chromosome centromere-associated DNA sequences cloned and mapped by in situ hybridization (8) . The reconstruction of the molecular organization of an individual centromere on a specific chromosome is a difficult task because centromeres of many eukaryotic organisms are composed of related repeated DNA sequences, some of which are capable of forming tandem arrays (17) . Even in the case of Arabidopsis thaliana, the molecular organization of individual centromere regions (18) remains an unresolved problem in spite of the fact that physical maps have been constructed for all euchromatic parts of A. thaliana chromosomes (19, 20) .
The oat-maize chromosome addition lines provide a unique opportunity to analyze an individual maize chromosome (2) and, consequently, an individual centromeric region. We have already demonstrated that the maize chromosome addition lines may be used for chromosome-specific library construction (5) and for analysis of knob regions from individual maize chromosomes (6, 14) . In this research, our objective was to use similar techniques to isolate and characterize cloned DNA segments from a centromere region of maize chromosome 9. We have isolated and partially characterized six cosmid clones from maize chromosome 9 that overall contain approximately 180 kb of DNA sequences from the centromeric region. Most likely only a fraction of the entire centromere region of the maize chromosome 9 is present in these six cloned DNA segments because all cloned DNA segments have different restriction profiles, and we could not identify any obvious overlapping DNA segments.
Analysis of cloned centromeric DNA segments revealed that the centromere-associated repeated sequences may be subdivided into two classes: short repeating elements arranged in tandem arrays of different lengths (CentC) and centromereassociated retrotransposon-like elements (CentA). These two classes of centromere-associated repeats have interspersed among them large retrotransposable elements that are also dispersed throughout the entire maize genome. Some of those retrotransposable elements have been isolated and characterized previously, including Huck and Prem2 (9, 10) .
The CentC element is a novel class of tandem repeats for the maize genome. It has partial homology to a tandem repeat isolated from the genome of upland rice, Oryza alta L. (GenBank accession no. X86001); however, there is no information available on the chromosome location of this repeat in O. alta. No related DNA elements were found in oat; thus, this family of elements may be considered as a maize-specific repeated element relative to oat, which evolved relatively recently in the evolution of cereals. According to Southern blot hybridization and in situ hybridization, these repeats form clusters of different sizes in different chromosomes and are limited to centromeric regions of maize chromosomes.
A second family of centromere-associated repeated elements, CentA, described here, has a structural similarity to retrotransposable elements because it is composed of a segment of DNA flanked by two LTRs. CentA has partial homology to sequences in rice, barley, B. sylvaticum, and maize centromere-specific DNA sequences MCS1a and MCS1b (8); the MCS1a sequence was used in this study as a probe to isolate the cosmid clones from the centromeric region of maize chromosome 9. CentA also has a short segment of homology to a Sorghum centromere-associated element described by Jiang et al. (15) .
Other segments of DNA present in cosmid 3 included two segments that exhibited a significant level of homology to the Ty3͞gypsy-type retroelement of the maize genome. The region between nucleotides 500 and 1130 of the segment of DNA flanked by CentC and CentA elements in the XmnI 1.6-kb fragment in cosmid 3 ( Fig. 2 ) revealed significant homology to Rle (GenBank accession no. AF057037) and Ty3͞gypsy-type (GenBank accession no. AF030633) maize retrotransposable elements. In addition, significant homology was found between that segment and more than 40 other DNA sequences in GenBank. All of them have homology to retrotransposable elements found in many different species of plants, yeast, and animals. The region included between nucleotides 59 and 1309 contains an ORF1, which may encode a polypeptide with significant homology (52% identities, 73% positives) to a retrovirus-related DNA polymerase polyprotein (GenBank accession no. Y12432). Thus, this segment of maize centromeric DNA contains a section of a conserved retroelement that may be found in many different organisms and is most likely dispersed throughout the maize genome. The second segment, included between the right end of the CentA and the end of the Prem2 elements, has homology to a different segment of the same Ty3͞gypsy-type retrotransposable element (GenBank accession no. AF030633) and to a repeated element of Sorghum centromeric DNA sequence (16) . Four of the six cloned centromeric DNA fragments have no CentC elements and are composed of blocks of CentA elements mixed with other medium and highly repetitive dispersed elements of the maize genome, including Huck (9) and Prem2 (10) retrotransposable elements.
Centromeric regions of maize chromosomes contain blocks of tandemly repeated CentC elements interspersed with blocks of retrotransposable elements. These blocks are unlikely to be random combinations of different retrotransposable elements. For example, we found that two cosmid clones, cosmids 3 and 29, have almost identical blocks of retrotransposable elements (Fig. 2) , which are adjacent to different blocks of tandem arrays of CentC. This observation is compatible with the idea that a centromere region may have a hierarchical or subunit structure (21, 22) ; namely, certain segments composed of different elements may be repeated several times in a maize centromere. How many different genetic elements may be associated with maize centromeres is not clear. More extensive sequencing of other centromere DNA segments is necessary to answer this question.
This research indicates that the organization of centromeres of maize chromosomes resembles the organization of mammalian centromeres (for review see ref. 23 ) and the organization of centromeres in A. thaliana (18) , where islands of middle-repetitive sequence elements have been found to be associated with tandem arrays of short repeats (19, (24) (25) (26) .
Recently, we found that two other classes of tandemly arranged repeats in maize, the knob-associated 180-bp repeats (13) and TR1 elements (14) , are also interspersed with retrotransposable elements (6) . Most of the interspersed retrotransposable elements in the knob regions are full size, nonrearranged copies of retrotransposable elements such as Grande, Prem2, and Zeon, but no copies of Huck elements were observed in any of the 23 cosmid clones containing knob DNA segments. In contrast, we have found the Huck element in two cloned segments of centromere region DNA, and in situ hybridization indicates that Huck elements are concentrated around primary constrictions; thus, this is another example of region-or sequence-specific distribution of different retrotransposable elements along the maize chromosomes.
Knob regions of maize chromosomes may function under certain conditions as neocentromeres in meiotic cells in metaphase I (27, 28) . One possibility is that the knob 180-bp tandem repeats may share a certain level of homology to centromereassociated tandem repeats (29) . This suggestion was based on an indication that centromeric regions of B chromosomes may contain short DNA elements homologous to 180-bp knobassociated repeats (7). We could not detect the presence of 180-bp or TR1 knob-associated tandem repeats in cloned centromeric DNA segments in blot hybridizations done under standard washing conditions (0.015 M NaCl͞0.0015 M sodium citrate at 60°C), nor could we find any obvious sequence homology between the CentC centromeric tandem repeat and the 180-bp and the TR1 knob-associated tandem repeats. Lack of obvious homology between the knob repeats and the centromeric repeats of A chromosomes suggests that unrelated DNA sequences are capable of performing the centromere function. In the case of oat-maize chromosome addition lines, it is obvious that maize and oat centromeres have a different composition. For example, the CentC element is present in all maize chromosomes and was not detected in oat chromosomes, whereas the CentA element was detected by Southern blot hybridization in oat DNA. In spite of these differences, maize centromeres function in oat cells with nearly the same efficiency as oat centromeres in established oat-maize addition lines. What kind of elements in the maize centromere region actually function as a centromere is not clear. It is possible that conservative, medium-repetitive elements found in centromeric regions of several different plant species play a key role in centromere function while arrays of tandem repeats play a supporting role. There is significant variation among different maize chromosomes in the copy number of CentC elements associated with each centromere. This polymorphism is clearly seen after in situ hybridization (Fig. 3) , as well as after gel-blot hybridization with the panel of DNA samples of oat-maize chromosome addition lines (Fig. 4C) . The strongest signals were detected over chromosomes 7, 8, and 9 in the maize variety Seneca 60. Despite the fact that the majority of CentC elements have highly similar nucleotide sequences and form quite regular arrays of tandem repeats, it is possible to identify single base differences among the members of this family. Similarly, a significant level of variation in restriction fragment profiles was detected for CentA elements in different centromeres (Fig. 4B) . Thus, despite the fact that maize centromeres are all composed of the same related elements, the differences in composition and mutual arrangements of those elements provide each centromere with a unique molecular organization. This is a joint publication of the University of Minnesota and the U.S. Department of Agriculture-Agricultural Research Service and is paper 981130082, Scientific Journal Series, Minnesota Agricultural Experiment Station. This research was funded in part by Grant 96-35300-3775 of the U.S. Department of Agriculture National Research Initiative Competitive Grants Program.
